The role of fungi in metal cycling in acidic environments has been little explored to date. In this study, two acid-tolerant and metal-resistant Penicillium isolates, strains ShG4B and ShG4C, were isolated from a mine site in the Transbaikal area of Siberia (Russia). Waters at the mine site were characterized by extremely high metal concentrations: up to 18 g l −1 Fe and > 2 g l −1 each of Cu, Zn, Al, and As. Both isolates were identified as Penicillium spp. by phylogenetic analyses and they grew well in Czapek medium acidified to pH 2.5. Resistance to Cu, Cd, Ni, Co, and arsenate was in the range of 1-10 g l −1 . Further experiments with Penicillium strain ShG4C demonstrated that growth in Cu-containing media was accompanied by the precipitation of Cu-oxalate (moolooite) and the formation of extracellular vesicles enriched in Cu on the mycelia. Vesicles were greatly reduced in size in Cd-containing media and were not formed in the presence of Ni or Co. Cd-oxalate was detected as a crystalline solid phase in Cd-exposed mycelia. Hydrated Nisulfate (retgersite) and Co-sulfate (bieberite) were detected in mycelia grown in the presence of Ni and Co, respectively. The results demonstrated that acid-tolerant and metal-resistant Penicillium constitute a component in extremophilic microbiomes, contributing to organic matter breakdown and formation of secondary solid phases at pH ranges found in acid rock drainage.
Introduction
Waste streams from mining and mineral processing are typically characterized by elevated concentrations of metals, sulfate and, often, low pH. The main types of waste from sulfide mining include gangue material, uneconomic minerals associated with ores, and flotation tailings. The latter are typically very fine material produced by ore milling and extracting valuable metals by hydrometallurgy. Residual sulfide-rich tailings are often disposed at the mine site and may be subject to oxidation processes, which release protons, sulfate, Fe, and other metal ions. Aggressive waters originating from mine waste streams are designated acid mine drainage (AMD) or acid rock drainage. The concentration of metals in AMD from the tailings and mine site are dependent on the residual sulfide content of the mine wastes, exposed surface areas, grain sizes, access to oxygen, type of sulfide, microbiological processes, and bulk hydrogeological and geochemical environment. This study focuses on an especially aggressive AMD at the Sherlovaya Gora polymetallic deposit in the Chita region, Russia, with unusually high metal, As and acid concentrations. During Soviet times, much of the high-grade metal sulfide ore was not sent to processing, but deposited and abandoned on the site along with mine waste. Exposure to oxygen and precipitation resulted in formation of acidic mine leachate that contained extremely high concentrations of Fe, Cu, Zn, As, and other toxic metals and metalloids.
Hitherto, emphasis on examining microorganisms in AMD has focused on prokaryotic biology (e.g., [1] [2] [3] [4] [5] [6] ). Less attention has been paid to eukaryotic microorganisms in miningimpacted environments, with the Richmond Mine in northern California [7, 8] and Rio Tinto [9] [10] [11] [12] being notable examples. All above-mentioned studies have used molecular techniques to demonstrate the presence of fungi in AMD. The sporadic reports of fungal occurrence in mine-associated ecosystems have also been chiefly based on the 18S rRNA or ITS signatures. Thus, Ascomycota, Chytridiomycota, and Zygomycota were observed in the Königstein underground uranium mine [13] . Penicillium clones have been retrieved from pyrite ore tailings in China [14] . A recent study revealed fungi belonging to groups of Ascomycota, Chytridiomycota, Basidiomycota, Nucletmycea, and the clade LKM11 in biofilms from an abandoned underground mercury mine in Spain by highthroughput 18S rRNA gene sequencing [15] .
Fungal isolates obtained from AMD-impacted Rio Tinto samples include Purpurecillium liliacinum, Bispora spp., and Penicillium spp. [16] ; Aspergillus spp. and Talaromyces spp. [17] ; and an arsenic-resistant Aspergillus strain P37 [18] . Several acid-tolerant and acidophilic fungi were isolated from acidic soils associated with a kaolin quarry with brown coal bed, including Acidiella bohemica [19] , Acidothrix acidophila, Acidea extrema, and Soosiella minima [20] . An acid-tolerant Hortaea acidophila isolate originated from lignite particles [21] . Strains of Acidomyces acidophilus were isolated from elemental sulfur or pyrite ores [22] . Members of the above-mentioned species of melanized fungi have been also isolated from acidic springs [19] . This type of habitat also harbored acidophilic Teratosphaeri acidotherma [23] , later reclassified as Acidomyces acidotherma [19] . A. bohemica, A. acidophilus, and A. extrema as well as several Penicillium spp. have been isolated from highly acidic soils [24] . A moderately acidophilic Coniochaeta fodinicola was isolated from a uranium mine with the purpose of uranium absorption in bioremediation [25] .
The biogeochemical role of fungi in AMD-impacted environments is not well understood and the information is fragmentary. Prokaryotes are considered to be the major players in elemental cycling in AMD [6] . However, as shown with prokaryotes, fungi can also modify their environment and cause changes in the distribution of elements in solution and solid phases. For example, Aspergillus niger has been shown to solubilize cuprite (CuO 2 ), galena (PbS), rhodochrosite (Mn(CO 3 ) x ), and calcite (CaCO 3 ) [26] . Fungi also were shown to nucleate calcite crystal formation [27] . Beauveria caledonica (Basidiomycetes) was shown to form uranium-containing precipitates on gill surfaces [28] . B. caledonica precipitated oxalates in the prese n c e C d 2 + , Cu 2 + , and Zn 2 + [ 2 9 ] . P e n i c i l l i u m simplicissimum has been shown to precipitate various metal oxalates [28, 29] . Liang et al. [30] demonstrated the formation of Pb-oxalate and Pb-pyromorphite by Aspergillus niger and Paecilomyces involving reactions, where phosphatase released inorganic phosphate from phytic acid or glycerol-2-phoshate, precipitating lead that had been added as Pb-nitrate to the assay. Pyromorphite is metastable and can be converted to Pb-oxalate in fungal cultures when oxalic acid is the major metabolite [31] . The formation of insoluble or poorly soluble metal oxalates changes the bioavailability of potentially toxic metals. Acidomyces richmondensis isolated from biofilms in the Richmond Mine AMD produced nitrous oxide by denitrification at pH 1, thus contributing to nitrogen cycle [32] .
In the present study, two novel Penicillium strains were isolated from the aggressive AMD-impacted environment of the Sherlovaya Gora Mine, Russia. The isolates could tolerate low pH and high concentration of Cu, Cd, and As. The purpose of this study was to examine the unusual ultrastructural and morphological responses of the isolates to elevated metal concentrations. These results provide further understanding of the role of fungi in the immobilization and bioavailability of metals in mine water environments.
Material and Methods

Sample Site
Sherlovaya Gora [Шерловая Гора], literally translating as BSchorl Mountain,^is a polymetallic open cast mine site, containing extensive spoils and tailings areas. The site occupies a cluster of hills, among the plains of the Onon and Borzya Rivers, in the Transbaikal area (Zabaikalsky krai), 250 km SE of Chita, the capital city of the region. The Sherlovaya Gora hills can be subdivided into a greisenized Jurassic granitic dome (associated with commercial occurrences of topaz, beryl, tourmaline, bismuth, and tungsten) and a probable Early Cretaceous eruptive/subvolcanic complex, hosting the main cassiterite and polymetallic sulfide orebodies, and recently worked via a large opencast [33] [34] [35] [36] . The main sulfide minerals present are pyrite (FeS 2 ), pyrrhotite, arsenopyrite (FeAsS), galena (PbS), sphalerite (ZnS), and chalcopyrite (CuFeS 2 ). The orebody was also mined for Sn and Be starting in the late 1940s. The mine was closed in the mid-1990s.
Sampling, Field Measurement, and Water and Sediment Analyses
The ShG4 sample was collected on July 14, 2013, from a small puddle at the foot of a mine waste stockpile, presumably containing high-grade ore (Fig. 1) . The upper layer of the sediment was grab sampled to sterile polyethylene tubes for microbiological and mineralogical analysis. Water for chemical analysis was filtered using a Millipore filter with 0.45-μm pore size. Prior to analysis, samples were stored at 4°C. Redox potential, pH, and temperature were measured on site by inserting electrodes (Hanna Instruments HI8314F) into the water-saturated sediments. Elemental composition of the ShG4 water sample was analyzed by ICP-MS (Plasma Chemical-Analytical Center, Tomsk). The mineralogical composition of the ShG4 sediment sample was characterized by X-ray diffraction (XRD) using a Shimadzu XRD-6000 diffractometer as previously described by Ikkert et al. [37] . Air-dried sediments were examined under a Philips SEM 515 scanning electron microscope (SEM). Energy dispersive spectrometry (EDS-using an EDAX Inc., spectrometer, Mahwan, NJ) was performed at a voltage of 30 kV and a working distance of 12 mm.
Enrichment and Isolation of Fungi
Microbiological analyses were initiated by preparing enrichments from the ShG4 sediment sample in Widdel and Bak [38] 
Growth Experiments
Growth at different pH values was measured in 5-ml aliquots of Czapek liquid medium, inoculated with a 10-mg wetweight biomass and amended with 3 g As l −1 (7.44 g l 
Scanning Electron Microscopy and Energy Dispersive Analysis of X-rays
Fungal biomass was harvested by centrifugation (13,100g, 10 min, 15°C). The pellet was washed with 2% oxalic acid (10 min) followed by two washes with distilled water (10 min each) to remove any loosely associated and unsequestered metals. The samples were air-dried, coated with gold, and examined under a model Philips SEM 515 scanning electron microscope equipped with a microprobe (acceleration voltage 30 kV, focal distance 12 mm, and probe size 50-100 nm 2 ).
X-ray Diffraction
Powder X-ray diffraction (XRD) was performed with a Rigaku Ultima 4 diffractometer (Rigaku Corp., Tokyo) with CuKα radiation. The samples were packed into zero background quartz sample holders and step-scanned from 10 to 75°2θ using a step interval of 0.02°2θ and a counting time of 0.8 s.
The diffraction patterns were analyzed with CrystallographicaSearch Match software and the PDF-4 database (International Center Diffraction Data, http://www.icdd.com).
DNA Isolation and PCR Amplification
For identification of the two pure cultures of fungi, mycelia were washed with 2% EDTA in PBS to remove residual metals before DNA was isolated using an MO BIO PowerSoil DNA Kit (MO BIO Laboratories) according to the manufacturer's instructions. Identification was based on PCR amplification of the 18S rRNA, ITS, Tsr1, Cct8, RPB1, and RPB2 genes, following the recommendation of Houbraken and Samson [43] for Penicillium phylogeny. PCR primers (Table 1) were synthesized by Syntol Co. (Moscow). The PCR reactions for each primer set were setup in a 25-μl master-mix using Thermo The PCR products were sequenced by Syntol Co. The closest related species were identified using Basic Local Alignment Search Tool (BLAST -http://www.ncbi.nlm.nih.gov/blast/). A phylogenetic tree was constructed with concatenate sequences of genes RPB1, RPB2, Cct8, and Tsr1 with maximum likelihood using MEGA6 software [44] . Concatenation was based on Houbraken and Samson [43] . The robustness of the phylogeny was tested by bootstrap analysis with 1000 iterations.
Results
Physicochemical Characteristics of the Sampling Site
The water sample collected at the site ShG4 had intense red color and was characterized by extremely low pH 1.9, temperature (in July) of 9.5°C, and oxidized conditions (Eh ∓ 689 mV). The water sample contained high concentrations of metals, including 18.3 g l −1 Fe, 2.1 g l −1 Cu, 2.8 g l −1 Zn, and 2.7 g l −1 Al (Fig. 2) .
Arsenic was present at a remarkable concentration of 2.9 g l −1
. High concentrations of rare earth and radioactive elements suggested extensive leaching of the ore-bearing rocks; for example, Th was recorded at 6.4 mg l O , a n d v a n u r a l i t e , Al(UO 2 ) 2 (VO 4 ) 2 (OH)·11(H 2 O) (Fig. 2) .
Isolation and Characteristics of the Fungal Cultures
The initial enrichments were designed for isolation of sulfidogenic prokaryotes; however, two fungal cultures grew in enrichment media and overgrew bacteria in the Widdel and Bak media supplemented with peptone as a C source and an electron donor after 3 days of incubation. The fungal cultures were designated ShG4B and ShG4C and were purified by repeated dilutions to extinction in modified Czapek medium and checked for bacterial contaminants. In repeated subcultures, ShG4B mycelium produced spores after 10 days of incubation and ShG4C after 3 days. Although not measured, similar differences of several days were noted for growth rates. Hyphae of both isolates had septate mycelium and penicillate conidiophores. The morphological traits, as velvet or floccose colony surface, greenish colony, and the form of specific conidiophores (Fig. 3) , suggested that the isolates belonged to the genus Penicillium.
Based on the18S rRNA gene sequences, the closest relatives of the isolate s S hG4B an d Sh G 4C we re P. janthinellum (99% similarity) and P. namyslowskii (100% similarity), respectively. This was corroborated by sequence analysis of the ITS region of rRNA, which exhibited 99% similarity to P. janthinellum and 100% to P. namyslowskii. Recent phylogenetic studies have defined Penicillium as a polyphyletic genus [43, 45] . To clarify the phylogenetic identity further, several housekeeping genes of the two isolates were amplified and sequenced. Based on the sequences of RPB1, RPB2, Cct8, and Tsr1 genes, the isolates are related at 87% similarity and thus do not represent P. janthinellum and P. namyslowskii. The phylogenetic position suggests that Penicillium sp. ShG4B and Penicillium sp. ShG4C may represent novel species, related to P. janthinellum and P. namyslowskii, respectively (Fig. 4) . Further phylogenetic and taxonomic description of these isolates was not within the scope of the study. Penicillium sp. ShG4C was able to grow in the presence of up to 10 g Cu or Cd l −1 and 9 g As l −1 , but was sensitive to Pb (Table 2 ). Penicillium sp.ShG4B was generally not as resistant as isolate ShG4C, but relatively high resistance was noted for As, Co, and Cu (Table 2) . Penicillium sp. strain ShG4C formed cleistotecia in the presence of Cu and Cd in media (Fig. 3) . Growth of ShG4B and ShG4C in solid (Fig. 5a ) and liquid media (Fig. 5b ) was tested at different pH values. Both isolates were able to grow over an initial pH range of 1.5 to 13 in liquid medium (Fig. 5b) . Strain ShG4C showed bimodal growth with maximal biomass production at pH 2.5 and 7 measured after 17 days of incubation in liquid medium. Strain ShG4B produced maximal biomass at pH 2.5 in liquid medium (Fig. 5b) . Results obtained for the isolates growth on solid medium (Fig. 5a ) are in agreement with the growth patterns detected in liquid medium (Fig. 5b) . The initially low and initially high pH values converged to pH 7-8 during the incubation of ShG4B (Fig. 5b) . Strain ShG4C did not change the culture medium pH when grown at pH between 1.5 and 2. When cultivated at initial pH higher than 2.5, ShG4C increased the pH to 7-8; an initial high pH was also decreased to 7-8. At initial pH > 8, mycelia were particularly compact and dense as was also noted for the isolates grown in the presence of 3 g Cd l −1 . The time course of pH changes is shown in Fig. 6 for the two isolates ShG4B and ShG4C grown at initial pH 2.2 and 2.6, respectively. The initial pH values gradually increased during incubation by 3 to 5 units depending on the isolate and length of incubation and reached circumneutral pH after 12 days of incubation.
Mineral Formation in ShG4C Cultures
Because isolate ShG4C had a higher tolerance to metals, it was selected for further study of metal (Cu, Cd, Ni, and Co) precipitates. Chemical controls without the biomass were included to account for abiotic chemical precipitation. None of the chemical controls was found to yield crystalline phase precipitates detectable by XRD, with the exception of an unidentified peak in the Cd chemical control (Fig. S1 ). Several secondary minerals were detected by XRD in cultures grown for 17 days at elevated metal concentrations. Penicillium mycelia grown in the presence of Cu produced precipitates that had an XRD pattern consistent with moolooite (Cu-oxalate), suggesting oxalic acid was one of the major metabolites (Fig. 7) . In Cd-containing medium, Cd-oxalate precipitates were associated with the mycelia, and no other Cdcontaining mineral phases were apparent in the X-ray diffractograms (Fig. 7) . Ni and Co in the medium were precipitated on mycelia as the respective sulfates, retgersite (NiSO 4 ·6H 2 O) or morenosite (NiSO 4 ·7H 2 O), biebirite (CoSO 4 ·7H 2 O), and Co-oxalate (Fig. 7) . These hydrated sulfates were not detected in the respective heat-killed mycelia controls, which suggests that fungus played a role in their formation (Fig. 8) . In addition, Cu-oxalate (moolooite) was formed in the Cu-amended sample with heat-killed biomass (Fig. 8) . XRD analysis did not detect crystallized phases in any other heat-killed biomass samples (Fig. 8) . The broad peaks of 19-20°2θ are assigned to non-Braggian diffraction caused by polysaccharide polymers such as chitin in the fungal cell wall [46] .
Mycelial Morphology Examined under Electron Microscopy
Oval-to-round structures were formed on mycelia grown in the presence of Cu. SEM micrographs of strain ShG4C Fig. 4 Phylogenetic analysis of concatenate sequences of genes RPB1, RPB2, Cct8, and Tsr1 with maximum likelihood, which was made with MEGA6 software [44] . Concatenation was based on Houbraken and Samson [43] Isolation, Characterization, and Metal Response of Novel, Acid-Tolerant Penicillium spp. from Extremely...mycelia grown in the presence of Cu for 20 days showed the presence of oval-to-round structures, as well as some larger spherical structures, attached to the mycelium (Fig. 9 ). They ranged from 0.12 to 4 μm. Micrographs of mycelia grown with Cu for 40 days showed similar extramycelial structures but the smaller and elongated structures were not present (Fig. 9) . The elemental composition of the vesicular structures showed an elevated level of Cu as compared to that in the mycelium (Fig. S2) . These extramycelial vesicular attachments were absent in mycelia grown in the absence of metals (Fig. 10a) . Cobalt sulfate (bieberite) precipitated in needle-shaped crystals, which formed abundant clusters (Fig. 10b, c) . As shown in Fig. S3 , Co was detected in the mycelia and particularly in the cluster of crystals. Ni precipitates were not substantiated with scanning electron microscopy, whereas Cd-treated mycelia had small extracellular attachments (50-70 nm) of both square and spherical types (Fig. S4) . EDS probing did not detect Cd in the mycelia (Fig. S4) , although XRD analysis demonstrated the presence of Cd-oxalate. 
Discussion
To date, the isolation of fungi has not been previously reported from ecosystems characterized by such exceptionally high concentration of metals and metalloids, especially Cu and As. Such aggressive environments are rare in the context of typical AMD, probably due to a number of factors. Aggressive AMD requires a combination of high-residual acid-generating sulfide content, lack of buffering mineral capacity, availability of oxygen, and large exposed surface area, which is seldom encountered. At the Sherlovaya Gora, open cast mine site high-grade ore was excavated and left on the ground and exposed to air, wet precipitation, and weathering. The metal concentrations found in ShG4 water were several orders of magnitude higher than in other locations of mine waste disposal at the Sherlovaya Gora deposit. In other words, the hydrogeochemical environments at the site are very variable [36] . In previous studies of microbial communities in water samples from shallow boreholes drilled into an open cast bench at the Sherlovaya Gora pit, the concentrations of As and Cu did not exceed 49 and 81 mg l
, respectively [47, 48] . In the water accumulated in the base of the open cast pit, the concentration of Cu was as low as 3.8 mg l −1 [36] .
Oxidizing conditions in the studied sediments may facilitate the oxidation of tetravalent U to the hexavalent uranyl form, which is associated with the formation of uranyl silicates such as sklodowskite (Mg[(UO 2 )(SiO 3 OH)] 2 ·zH 2 O) and other secondary uranium minerals that were detected by XRD analysis. Despite the highly and toxic aggressive nature of the Sherlovaya Gora mine-impacted environment, the sediment was still inhabited by micromycetes. As compared to metal concentrations at the Rio Tinto site [18] , a paradigmatic example of AMD and associated microorganisms, the concentrations of metals in the Sherlovaya Gora location were several orders of magnitude higher. An Aspergillus strain that could tolerate up to 15 g As l −1 and 3 g Cu l −1 was isolated from Rio Tinto [18] .
The resistance of strain ShG4B and ShG4C to As, Cu, and other metals was of the same order of magnitude with the Rio Tinto isolate. The resistance of strains ShG4B and ShG4C to low pH and metals suggests that these traits may reside within separate species. We have reported the full sequence of the mitochondrial genome of strain ShG4C [49] . The phylogenetic analysis of the housekeeping genes performed in this study corroborates the conclusion made by Mardanov et al. [49] that strain ShG4C forms a distinct species-level branch within genus Penicillium. The conclusion was based on the phylogenetic analysis of 14 mitochondrial proteins.
The closest relative of Penicillium sp. ShG4B was P. janthinellum, which belongs to section Lanata-Divaricata [43] . The studies reviewed by Houbraken and Samson [43] demonstrate that fungi from this section are tolerant to heavy metals, and some species have been proposed as efficient biosorbent agents in the bioleaching of Zn, Cu, Pb, and Ni. Recently, a Zn-tolerant P. janthinellum BC109-2 was isolated from wetland sediment [50] . The phylogenetic assignment of the isolate BC109-2 was performed on the basis of the ITS sequence only, which is not sufficient for resolving differences at the species level in Penicillium [43] . Therefore, one cannot exclude the possibility that strain BC109-2 does not belong to P. janthinellum. Another P. janthinellum strain GXCR, isolated from polluted sludge in mining areas in China, has been reported to tolerate ) Cu [51, 52] , which is the same order of magnitude observed for strains ShG4B and ShG4C. The isolate was identified on the basis of DNA sequence homology of the internal transcribed spacer region of 5.8S rRNA [51] . It is conceivable that the isolates from the P. janthinellum group possess effective mechanisms to tolerate high metal concentrations [50] . An acid-tolerant P. janthinellum strain F-13 was reported to grow in the presence of up to 2.14 g Al l −1 [53] . Teng et al. [50] suggested that extracellular accumulation/precipitation may play a role in the detoxification process in P. janthinellum BC109-2, based on the finding of a Zn-enriched cell wall fraction. However, these data [50] need additional testing to ascertain the mechanism of the detoxification and resistance. The sequestration or compartmentalization of Cu by Penicillium ShG4C in our study was associated with the formation of extracellular vesicles (EVs), observed in SEM micrographs. With Cd, Ni, and Co, the strategy for cellular defense or sequestration is likely to be different, as extramycelial vesicles were absent. The underlying biochemical and genetic mechanisms of metal resistance associated with EVs have not been elucidated in the literature to date. EVs have previously been described in many microscopic fungi [54] . Their proteomes have revealed a wide array of proteins involved in cell metabolism, signal transduction, and virulence as well as structural scaffold proteins and nuclear proteins [54] . Fungi produce EVs on mycelia, sometimes as part of normal growth or as a stress response depending on the species. Many cellular functions can be associated with EVs, implying that vesicles may also serve as an export system. EVs have lipid bilayers that form lumen-containing spheres, ranging in size from 20 to 500 nm in diameter. EVs are formed only in metabolically active cells [55] [56] [57] . Studies with the plant pathogen Alternaria infectoria have shown that EVs harbor virulence proteins [58] . However, virulence is not the sole function of EVs, as the non-pathogenic yeast Saccharomyces cerevisiae produces EVs with at least 400 proteins [54] . The Cu-enriched extramycelial structures produced by Penicillium ShG4C mycelia may represent a stress response to Cu. The formation of vesicles in response to Cu in growth medium has not been previously reported and their role has yet to be elucidated.
Most of the acidophilic/acid-tolerant fungi isolated so far have been classed as melanized fungi. These fungi (known as black yeast, due to their color) contain melanin in the cell wall, which is believed to protect the cell against harsh environmental conditions (e.g., radiation, heavy metals, and oxyradicals [59] [60] [61] [62] [63] [64] [65] [66] . Hujslova et al. [20] showed that hyaline fungi can adapt to highly acidic environments. However, the molecular signatures suggested that Penicillium thrived in AMD [14] . Numerous Penicillium spp. have been isolated from Tinto River sediments and a reservoir (pH 2.1-2.6) impacted by the Rio Tinto mining region [67] and they were differentiated from terrestrial species by the ability to grow in Tinto River water (pH 2.0) supplemented with glucose and malt extract. Penicillium was the most abundant group of fungi isolated from highly acidic soils (pH < 3) [24] . However, the pH minima and optima for growth were not tested for the acid soil isolates. Both strains from Sherlovaya Gora ShG4 could grow in a broad initial pH range from pH 1.5 through to 13. Penicillium ShG4B produced maximal biomass at pH 2.5 and can be considered an acidophilic fungus, while ShG4C can be characterized as acid-tolerant, since it produced maximal biomass in a broad pH range with maximum at pH 2.5 and 7.0 (Fig. 5b) .
Precipitates analyzed from the Penicillium cultures grown with CuSO 4 were identified as Cu-oxalate (moolooite). Cultures grown in cadmium medium also formed Cd-oxalate as crystallized solid phase. Oxalic acid is produced by a wide variety of fungi [68] and mycogenic metal oxalate formation has been demonstrated as an important example of biomineralization [28, [69] [70] [71] [72] . Moolooite was first discovered near a sulfide-bearing quartz outcrop at near the Mooloo Creek in Western Australia [73] . On the basis of the sample location, Clarke and Williams [73] suggested that the mineral was formed by interaction between solutions derived from bird guano and weathering copper sulfides. Guano is a rich C, N, and P source for fungal proliferation, as was also the glucoseand yeast extract-containing Czapek medium that supported moolooite formation by Cu-resistant Penicillium spp. Gadd et al. [68] has also reported the formation of moolooite in fungal cultures that were supplied with Cu-phosphate.
Retgersite (NiSO 4 ·6H 2 O) was formed in mycelia when Penicillium ShG4C was cultivated in nickel chloride-dosed medium. Retgersite is a common secondary mineral associated with mine drainage. Bieberite (CoSO 4 .7H 2 O), a poorly soluble, hydrated Co-sulfate, was detected in precipitates from cobalt-enriched cultivations. Based on transmission electron micrographs, bieberite crystals were associated with mycelia. To our knowledge, biomineralization of these minerals has not hitherto been reported. Some fungi, including Penicillium, are able to oxidize sulfur to form SO 4 2− [74] , which may play a role in the observed formation of insoluble sulfates of Co and Ni. In addition to Mg-sulfate and trace amount of Fe-sulfate, the bulk of the sulfur source in the Czapek formulation is organic in the form of yeast extract. It is not clear whether the chemistry of the sulfur source impacts these biomineralization reactions.
Conclusion
The results of this study indicate that metal-and acid-tolerant Penicillium survive in acidic mining environments with low pH and extremely high metal and metalloid concentrations and may be involved in biogeochemical transformations of Cu, Cd, Ni, and Co in these extreme ecosystems. The Penicillium isolates ShG4B and ShG4C from mine waste leachate at Sherlovaya Gora polymetallic sulfide mine proved to have a combination of unusual eukaryotic traits of acid tolerance and resistance to metals. The toxicity of the site is exacerbated as the most toxic because of radionuclides and metalloids. The immobilization of toxic metals in poorly soluble solid phases is a potential, prospective abatement for AMD. The biochemical mechanisms and underlying genetic makeup allowing the two novel strains of Penicillium to tolerate metals are still to be elucidated. A transcriptomic analysis is underway to shed light on the high Cu and As resistance in ShG4C.
